Attachment sites of tendons to bones, called entheses, are essential for proper musculoskeletal function. 15 They are formed embryonically by Sox9+ progenitors and undergo a developmental process that 16 continues into the postnatal period and involves Gli1 lineage cells. During bone elongation, some 17 entheses maintain their relative positions by actively migrating along the bone shaft, while others, 18 located at the bone's extremities, remain stationary. Despite their importance, we lack information on 19 the developmental transition from embryonic to mature enthesis and on the relation between Sox9+ 20 progenitors and Gli1 lineage cells. Here, by performing a series of lineage tracing experiments, we 21 identify the onset of Gli1 lineage contribution to different entheses during embryogenesis. We show that 22 34
Gli1 expression is regulated by SHH signaling during embryonic development, whereas postnatally it is 23 maintained by IHH signaling. Interestingly, we found that unlike in stationary entheses, where Sox9+ 24 cells differentiate into the Gli1 lineage, in migrating entheses the Sox9 lineage is replaced by Gli1 25 lineage and do not contribute to the mature enthesis. Moreover, we show that these Gli1+ progenitors 26 are pre-specified embryonically to form the different cellular domains of the mature enthesis. 27 Overall, these findings demonstrate a developmental strategy whereby one progenitor population 28 establishes a simple, embryonic tissue, whereas another population is responsible for its maturation into 29 a complex structure during its migration. Moreover, they suggest that different cell populations may be 30 considered for cell-based therapy of enthesis injuries. in the postnatal enthesis even though it is not involved in the induction of Gli1 expression in embryonic 143 enthesis progenitors, we analyzed Prx1-Cre-Ihh -/mice at P10. Results showed that although Gli1 144 expression was maintained in mutant muscle and bone, in the enthesis it was completely lost (Fig. 145 3C,C'), indicating that Ihh is indeed required for the maintenance of Gli1 expression in enthesis cells. 146 To identify the source of Ihh in the enthesis, we performed immunofluorescence staining for IHH 147 7 protein in P6 enthesis sections. As seen in Figure 3 (D,D'), IHH was highly expressed in mineralized 148 fibrocartilage and bone regions at the enthesis center. 149 Taken together, these results suggest that Gli1 expression by embryonic enthesis progenitors is induced 150 by SHH and later, in the maturing enthesis, maintained by IHH originating in mineralized fibrocartilage 151 and bone. . Indeed, examination at P0 following tamoxifen administration at E12.5 showed that the 162 DT, TM and Achilles entheses were populated by tdTomato-positive cells, suggesting that at that stage, 163 the enthesis is populated by Sox9 lineage cells ( Fig. 4A(a,b,d) ). Yet, surprisingly, at P14 we observed a 164 dramatic decrease in the contribution of tdTomato-expressing cells to the two migrating entheses (Fig. 165 4A(a',b',c), although the cells in the stationary enthesis were still extensively labeled ( Fig. 4A(d') . 166 These results suggest that postnatal stationary enthesis cells were descendants of the Sox9-positive 167 embryonic lineage, whereas in migrating entheses this lineage was lost.
168
The labeled stationary entheses could serve as a positive internal control for the effectiveness of 169 labeling. Nevertheless, to rule out the possibility that tamoxifen was administered at the wrong time 170 8 point, we repeated the experiment while administering tamoxifen at different time points from E11.5 to 171 E17.5 ( Fig. 4B ). Examination at P14 showed minimal contribution of Sox9 lineage cells to the postnatal 172 entheses, similar to the results obtained following pulsing at E12.5. Taken together, these results indicate 173 that the embryonic Sox9 lineage contributes poorly to postnatal migrating entheses, suggesting that these To study the process of lineage replacement and to follow its dynamics, we traced both lineages The transition from the embryonic to the mature enthesis has been understudied. Here, we use genetic 214 lineage tracing to unravel the cellular developmental sequence of fibrous and fibrocartilaginous 215 entheses. We show that although Gli1+ progenitors contribute to entheses of both types, their 216 contribution differ greatly between stationary and migratory entheses. In stationary entheses, Gli1+ 217 progenitors are descendants of Sox9+ progenitors that have established the embryonic enthesis. 218 However, in migrating entheses, a separate, pre-specified population of Gli1+ progenitors is recruited to 219 the embryonic enthesis, co-populates it alongside Sox9+ progenitors and, eventually, replaces them 220 during postnatal development.
221
As mentioned, fibrous and fibrocartilaginous entheses exhibit marked differences in structure and , 1996) . It is therefore possible that by controling both these processes,
254
IHH coordinates enthesis migration with the concurrent bone elongation to preserve enthesis position 255 along the shaft. However, the signals that govern enthesis positioning and migration along the bone, 256 including the possible effect of IHH on these processes, are yet to be elucidated.
257
Another key question regards the mechanism that facilitates the replacement between Sox9+ and Gli1+ 258 cell populations. It is possible that the former cells die, while the latter cells proliferate and populate the 259 entire enthesis. A more attractive hypothesis is that during enthesis drift, Sox9+ cells are removed 260 together with eroded bone tissue by osteoclasts or other phagocytic cells. However, the replacement 261 mechanism remains an open question. Moreover, whether the replacement process is the mechanism that 262 allows migrating entheses to maintain their relative position along the bone is yet to be determined. 263 Finally, our finding that Gli1-expressing cells are pre-determined already in the embryo suggests the 264 existence of an earlier, yet unknown player in the specification of these progenitors. The discovery of 265 this early marker gene may enable the identification of multipotent enthesis cells, which may hold 266 therapeutic potential.
267
To conclude, our findings shed light on developmental linearity in organogenesis. Using the enthesis as 268 a model system, we identify two different strategies of development (Fig. 7) . The first, found in For immunofluorescence staining, 10-µm-thick cryosections were air-dried for 1 hour before staining. 306 For IHH staining, sections were washed twice in PBST for 5 minutes and blocked to prevent non-307 specific binding with 7% goat serum and 1% BSA dissolved in PBST. Then, sections were incubated 308 with rabbit anti-IHH antibody (Abcam, #AB39364, 1:50) at 4C o overnight. The next day, sections were 309 washed twice with PBST and incubated for 1 hour with Cy2 conjugated fluorescent antibody (1:100, 310 Jackson Laboratories). Slides were mounted with Immuno-mount aqueous-based mounting medium 311 (Thermo).
312
For Gli1 staining, 10-µm-thick cryosections were air dried for 1 hour and fixed in 4% PFA for 10 313 minutes. Then, sections were washed twice in PBST and endogenous peroxidase was quenched using 314 3% H 2 O 2 in PBS. Next, antigen retrieval was preformed using 0.3% Triton in PBS. Non-specific binding red diode laser emitting at 561 nm was used, and blue mCFP was excited using a laser line at 458 nm.
360
Calcein blue staining was detected using the 405-nm laser line. GFP fluorescence was collected between 361 ∼500-598 nm, airy 1; RFP fluorescence was collected between ∼606-654nm, airy 1; mCFP fluorescence 362 was collected between ∼464-500 nm, airy 1 and Calcein blue was collected between ~410-451. For each 363 image, a corresponding bright field image was captured. The acquired images were processed using 364 Photoshop and ImageJ.
365
To calculate the percentage of Gli1+ clones found in both mineralized and non-mineralized 366 fibrocartilage, the border between the zones was identified by Calcein blue signal. Clones that crossed 367 the mineral border were manually counted and their percentage was calculated first for each section, 368 then for each limb and, finally, for each type of enthesis. Data are presented as mean ± SD. 
